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A UVR-Induced G2-Phase Checkpoint Response to
ssDNA Gaps Produced by Replication Fork Bypass
of Unrepaired Lesions Is Defective in Melanoma
Matthew Wigan1, Alex Pinder1, Nichole Giles1, Sandra Pavey1, Andrew Burgess1,3, ShuShyan Wong2,
Rick A. Sturm2 and Brian Gabrielli1
UVR is a major environmental risk factor for the development of melanoma. Here we describe a coupled DNA-
damage tolerance (DDT) mechanism and G2-phase cell cycle checkpoint induced in response to suberythemal
doses of UVR that is commonly defective in melanomas. This coupled response is triggered by a small number
of UVR-induced DNA lesions incurred during G1 phase that are not repaired by nucleotide excision repair
(NER). These lesions are detected during S phase, but rather than stalling replication, they trigger the DDT-
dependent formation of single-stranded DNA (ssDNA) gaps. The ssDNA attracts replication protein A (RPA),
which initiates ATR–Chk1 (ataxia telangiectasia and Rad3-related/checkpoint kinase 1) G2-phase checkpoint
signaling, and colocalizes with components of the RAD18 and RAD51 postreplication repair pathways. We
demonstrate that depletion of RAD18 delays both the resolution of RPA foci and exit from the G2-phase arrest,
indicating the involvement of RAD18-dependent postreplication repair in ssDNA gap repair during G2 phase.
Moreover, the presence of RAD51 and BRCA1 suggests that an error-free mechanism may also contribute to
repair. Loss of the UVR-induced G2-phase checkpoint results in increased UVR signature mutations after
exposure to suberythemal UVR. We propose that defects in the UVR-induced G2-phase checkpoint and repair
mechanism are likely to contribute to melanoma development.
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INTRODUCTION
UVR is a major environmental factor in the development of
skin cancers including melanoma. UVR causes DNA damage
in the form of cyclobutane pyrimidine dimers and 6-4
photoproducts, which, if not repaired, can lead to mutations
(Pfeifer et al., 2005). Thus, defects in DNA repair mechanisms
are likely to be major contributors to these cancers.
Melanomas have been found to contain significantly elevated
numbers of UVR signature mutations compared with internal
cancers (Pleasance et al., 2010), including mutations in
cancer-susceptibility genes such as p16Ink4a (Pollock et al.,
1996), indicating that damage detection or repair mechan-
isms must be defective in melanomas.
UVR-induced DNA lesions are primarily repaired by
nucleotide excision repair (NER); however, this mechanism
is functional in most melanomas (Gaddameedhi et al., 2010),
suggesting that another mechanism that also contributes to
normal repair of UVR-induced lesions must be defective.
During S phase, DNA-damage tolerance (DDT) mechanisms
respond to DNA adducts that would normally block fork
progression. These DDT mechanisms bypass the lesion to
facilitate bulk replication and avoid replication fork collapse,
and may be coupled with postreplicative repair of the lesion
(Friedberg, 2005; Chang and Cimprich, 2009). There are two
DDT pathways: error-prone translesional synthesis (TLS),
which uses Y family polymerases (PolZ, Polk, Poli, and Rev1)
to replicate across the lesion (reviewed in Lange et al., 2011),
and the error-free RAD51-dependent recombination repair
mechanism (Chang and Cimprich, 2009; Branzei and Foiani,
2010). Both pathways require ubiquitination of proliferating
cell nuclear antigen, either monoubiquitination by RAD6/
RAD18 complex associated with recruiting TLS polymerases
or polyubiquitination by the UBC13/MMS2/RAD5 associated
with recombination repair (Ulrich, 2007; Chang and
Cimprich, 2009). Melanoma-associated mutations in DDT
genes are uncommon, and only reported in the RecQ
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helicase WRN and PolZ genes (de Snoo and Hayward, 2005;
Lange et al., 2011). This suggests that either DDT defects are
not significant contributors to UVR mutation load, or that
mechanisms that interact with DDT are defective.
UVR is mitogenic and drives quiescent basal layer
melanocytes and keratinocytes into the cell cycle (Pavey
et al., 2001), where the UVR-induced DNA damage can
trigger cell cycle checkpoints. A p53-dependent G1-phase
checkpoint (Petrocelli et al., 1996), an intra-S-phase ATR–
Chk1 (ataxia telangiectasia and Rad3-related/checkpoint
kinase 1)-dependent checkpoint (Heffernan et al., 2002), and
a MK2-p38MAPK-dependent G2-phase arrest (Manke et al.,
2005) have been demonstrated in cultured cells as immediate
responses to damage within those respective cell cycle phases.
In addition, there is a delayed p53-independent G2-phase
checkpoint, only detected from 12hours after irradiation with
suberythemal UVR in cell lines (Herzinger et al., 1995;
Goldstone et al., 2001) and in basal layer cells of the
epidermis (Pavey et al., 2001). A similar delayed G2-phase
checkpoint response to G1-phase UVR coupled to post-
replicative repair exists in yeast (Callegari and Kelly, 2006;
Hishida et al., 2009). Here we have investigated the exis-
tence of similar DDT and postreplicative repair coupled
with a G2 checkpoint in response to G1-phase UVR in
human epidermal cells.
RESULTS
G1-phase cells arrest in G2 phase after suberythemal UVR
To determine whether the G2-phase arrest is a consequence
of G1-phase irradiation, we used the A2058 melanoma
cell line that retains mitogenic and G2-phase checkpoint
responses to suberythemal UVR seen in epidermal basal layer
cells (Giles et al., 2011). Quiescent A2058 cells irradiated
with 100 Jm2 of UVB wave band entered the cell cycle
and accumulated in G2 phase by 24 hours after irradiation
(Figure 1a and Supplementary Figure S1 online). This
correlated with elevated levels of G2-phase markers,
phospho-Tyr15 cyclin-dependent kinase 1 (CDK1) and
cyclin B1 (Figure 1b), and increased levels of activated
Chk1 (Figure 1c), suggesting that this was an ATR–Chk1-
dependent G2-phase checkpoint arrest. Activation of this
checkpoint mechanism was confirmed using inhibitors and
by depletion of ATR and Chk1, which overrode the G2-phase
arrest in two checkpoint-competent melanoma cell lines,
A2058 and MM576 (Figure 1d and Supplementary Figure S2
online). No activation of G2-phase checkpoint signaling
through ATM (ataxia telangiectasia mutated) or Chk2 was
detected, confirmed by the inability of the ATM inhibitor
KU-55933 to overcome the UVR-induced G2-phase arrest
(Figure 1d).
Activation of the G2-phase checkpoint by G1-phase UVR
was confirmed by irradiation of synchronized G1-phase
A2058 cells. In contrast, G1 irradiation of the G2 check-
point–defective SKMEL-13 melanoma cell line (Milligan
et al., 1998) failed to trigger a G2-phase arrest (Supplemen-
tary Figure S3a online). Cell cycle analysis demonstrated that
G1 phase–irradiated A2058 and SKMEL-13 cells transited
S phase with similar kinetics to controls, whereas S-phase
UVR
Serum 
Time after treatment (hours)
Et
pChk1
pY15
PCNA
0
20
40
60
80
Con ATMi Caff Chk1i
0
20
40
60
80
%
 G
2/
M
 p
ha
se
 c
el
ls
Con ATMi Caff Chk1i
MM576
A2058
pY15
Cyclin B1
α-Tubulin
Time after  UVR (hours)
32241680
UVR+ + + + ––––
3224168
2416820
Time after UVR (hours)
Figure 1. G1-phase UVR induces a G2-phase checkpoint arrest.
(a) Quiescent A2058 cells were UVB irradiated (100 Jm–2; UVR)
or had 10% serum replacement (Serum), were harvested, and then analyzed
by FACS. (b) Immunoblotting for the G2-phase markers, phospho-Tyr15
cyclin-dependent kinase 1 (CDK1; pY15), and cyclin B1. a-Tubulin was
used as a loading control. (c) UVR-treated A2058 cells similar to a were
immunoblotted for activated phospho-Ser317 checkpoint kinase 1 (pChk1),
phospho-Tyr15 CDK1 (pY15), and proliferating cell nuclear antigen (PCNA)
as a loading control. Etoposide-treated cells (Et) were used as a G2-phase
checkpoint arrested control. (d) Checkpoint-competent A2058 and MM576
cells were irradiated and treated with Chk1 inhibitor (Chk1i) or ATM
(ataxia telangiectasia mutated) inhibitor (ATMi), or caffeine (Caff; ATM and
ATR (ataxia telangiectasia and Rad3-related) inhibitor) at 24 hours after UVR,
and then harvested 6 hours later. The percentage of cells with G2/M DNA
content is mean of three experiments.
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irradiation triggered an S-phase checkpoint delay (Heffernan
et al., 2002), which doubled the length of S phase in both
cell lines (Supplementary Figure S3b online, and data not
shown), providing further evidence that G1-phase UVR
triggered a G2-phase arrest and not a S-phase arrest.
Furthermore, UVR-induced G2-phase arrested cells were
insensitive to the replicative polymerase inhibitor aphidico-
lin, with cells progressing into the subsequent G1 phase,
whereas synchronized S-phase cells remained arrested
in late S phase (Supplementary Figure S4 online). Taken
together, these results confirm that UVR of G1-phase A2058
cells triggered an ATR–Chk1-dependent G2-phase checkpoint
arrest.
Unrepaired DNA damage detected in S phase triggers the
G2-phase checkpoint arrest
The presence of activated ATR–Chk1 checkpoint signaling
indicated the presence of unrepaired DNA damage in the
G2-phase arrested cells, but this did not appear to be a
consequence of defective NER. The level of UVR-induced
thymidine dimers was rapidly reduced following UVR,
suggesting efficient NER. In addition, inhibition of NER by
small interfering RNA (siRNA) knockdown of XPA, a key
component of NER, resulted in S-phase arrest 24 hours after
UVR and increased apoptosis as reported previously
(van Oosten et al., 2000), distinguishing it from the transient
G2-phase arrest observed in the UVR-treated nonsense
transfected controls (Supplementary Figure S5a and b online).
Persistent DNA damage in G2-phase cells was directly
demonstrated using an alkaline comet assay (Olive and
Banath, 2006). Elevated levels of DNA damage were detected
immediately following irradiation, likely to represent single-
stranded DNA (ssDNA) NER intermediates and, although
reduced (by 60%), levels of DNA damage remained
detectable at 24 hours after irradiation (Supplementary Figure
S5c online).
The activation of ATR–Chk1 checkpoint signaling indicated
the presence of ssDNA, which recruits the ssDNA-binding
complex replication protein A (RPA). Immunofluorescent
staining for the RPA32 subunit revealed increased nuclear
RPA levels within 1 hour after irradiation. At 24 hours, large
discrete RPA foci were detected (Figure 2a). The proportion
of cells containing these distinct RPA foci increased from
8hours after UVR to a peak at 24 hours, corresponding to
G2-phase arrest (Figure 2b). The persistence of RPA foci into
G2 phase was verified using costaining with 5-ethynyl
deoxyuridine (EdU) incorporation, a marker of S phase. This
showed that the proportion of cells with RPA foci increased as
cells progressed through S phase at 8–16hours after UVR,
corresponding to an increased proportion of EdU-positive
cells. At 24hours after irradiation, 470% of cells contained
RPA foci, whereas the proportion of S-phase cells had
declined to o40% (Figure 2b) and the G2/M population
had increased to 60% (Figure 1a). The number of foci peaked
at 24hours at 16 foci per cell. RPA foci colocalized with
the G2-phase checkpoint signaling component ATR at 24hours
after UVR, consistent with the role of ssDNA in triggering the
G2-phase checkpoint arrest (Figure 2c).
The ssDNA gaps are repaired by a RAD18-dependent
mechanism
RPA foci accumulated as cells passed through S phase,
suggesting that the ssDNA gaps were introduced during
S phase, possibly as replication forks encountered the few
unrepaired UVR-induced DNA lesions. The relative lack of
effect that G1-phase UVR had on S-phase progression
compared with S-phase irradiation (Supplementary Figure
S3b online) suggested that a DDT mechanism was used to
bypass the few unrepaired lesions and complete bulk DNA
replication, thereby avoiding replication fork collapse and
S-phase delay. A critical component of this mechanism is the
RecQ helicase WRN. Knockout or depletion of WRN delayed
S-phase progression after hydroxyurea treatment but had little
effect on unstressed cells (Sidorova et al., 2008; Phillips and
Sale, 2010; see Supplementary Figure S6a–c online). WRN
depletion also slowed progression through S phase following
G1-phase UVR, indicating the presence of unrepaired lesions
that are usually bypassed by a WRN-dependent mechanism
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Figure 2. G2-phase checkpoint induced by ssDNA. (a) A2058 cells were
treated with UVR and harvested at the indicated times, unirradiated control
(Control) or treated overnight with etoposide (Etop) as a DNA damage control.
The cells were stained for replication protein A (RPA). Bar¼ 10 mm. (b) Time
course of UVR-irradiated A2058 cells pulsed with 5-ethynyl deoxyuridine
(EdU) for 2 hours immediately before harvesting. Cells were stained for RPA
and EdU, and the proportion of cells with either EdU staining or RPA foci
quantified. The data are the mean of three independent experiments. The
insert shows an image of A2058 cells 24 hours after UVR stained for RPA,
EdU, and 40,6-diamidino-2-phenylindole (DAPI). (c) UVR-irradiated A2058
cells were harvested at 24 hours and stained for RPA, ATR (ataxia telangi-
ectasia and Rad3-related), and DNA. Bar¼ 10 mM.
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(Figure 3a and Supplementary Figure S6d online). WRN has
been proposed to cooperate with RAD18 in postreplicative
repair of UVR-induced DNA damage (Phillips and Sale,
2010). Immunofluorescent staining for RAD18 (Watanabe
et al., 2004; Prakash et al., 2005; Hishida et al., 2009)
revealed that it colocalized with the RPA foci in the G2-phase
arrested cells (Figure 3b). A critical product of the RAD18
ubiquitin ligase complex, mono-ubiquitinated proliferating
cell nuclear antigen, was detected at 24 hours after UVR,
demonstrating the activity of the complex (Figure 3c).
The decline in the proportion of cells with RPA foci at
24 hours after UVR corresponded with exit from the check-
point arrest (Figure 2b), and suggested repair of the ssDNA
gaps. DNA repair was observed by EdU incorporation at RPA
foci in cells 24 hours after UVR (Supplementary Figure S7
online). The involvement of RAD18 in postreplication repair
of ssDNA gaps in the G2-phase checkpoint arrested
cells was confirmed by siRNA depletion of RAD18. Whereas
RAD18 depletion had little effect on S phase, it delayed
progression through G2 phase (Figure 3d). The G2-phase
delay corresponded with the persistence of the RPA foci in
RAD18-depleted cells, whereas RPA foci decreased from
the peak of 80% at 24 hours to o30% at 48 hours after UVR
in the control and nonsense-treated cells (Figure 3e). This also
demonstrated that the G2-phase DDT and checkpoint
response were directly coupled, and is referred to as the
DDT-G2 response hereafter.
The presence of RAD18 at the RPA foci suggested that
TLS polymerases were involved in filling ssDNA gap. It was
surprising then that components of the error-free recombina-
tion repair pathway, RAD51and BRCA1, were also associated
with the RPA foci (Supplementary Figure S8a and b online).
Quantification of BRCA1 staining revealed that the large
discreet DNA damage foci accumulated following UVR
with similar kinetics to RPA foci (Supplementary Figure S8c
online).
UVR-induced G2 checkpoint arrest and postreplication repair
in normal epidermal cells and skin
We have demonstrated postreplication repair of the ssDNA
gaps following G1-phase UVR treatment in two melanoma
cell lines with intact G2-phase checkpoint responses.
To determine whether this mechanism also operated in
epidermal melanocytes and keratinocytes, we examined
cocultures of primary melanocytes and keratinocytes, which
closely reflect the normal biology and UV responses of the
skin (Duval et al., 2001; Roberts et al., 2008). RPA foci were
found in both melanocytes and keratinocytes 24 hours after
exposure to suberythemal UVR, but not in the unirradiated
controls (Figure 4a). The RPA foci costained with ATR in both
cell types (Figure 4b). The RPA and ATR foci also colocalized
RAD18 in the cocultures (Figure 4c).
Short-term ex vivo cultures of whole neonatal foreskin
were examined for evidence of a similar postreplication
repair mechanism. Control unirradiated skin showed a low
level of RPA staining in occasional nuclei in the basal layer.
In contrast, when the basal layer melanocytes and keratino-
cytes were G2-phase arrested 24 hours after irradiation
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Figure 3. ssDNA repaired by RAD18-dependent post replicative repair.
(a) A2058 cells were transfected with nonsense (NS) or WRN small interfering
RNA (siRNA), and then UVR irradiated. Cells were harvested at the indicated
times and analyzed for DNA content. (b) A2058 cells fixed 24hours after UVR
and stained for replication protein A (RPA), RAD18, and DNA. (c) A2058 cells
were transfected with His-tagged ubiquitin, either control or UVR treated, and
harvested after 24 hours. His-ubiquitinated proteins were affinity purified and
immunoblotted for proliferating cell nuclear antigen (PCNA) and ubiquitinated
PCNA (arrowhead). (d) A2058 cells, untransfected (Con), and transfected with
RAD18 or NS siRNA, were irradiated and harvested at the indicated times.
The percentage of G2/M phase cells was determined from triplicate experi-
ments (*Po0.05). (e) The percentage of cells containing RPA foci cells
quantified from experiments in d (*Po0.05, ***Po0.001). Insert shows
RAD18 depletion. Bar¼ 10mM.
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(Pavey et al., 2001), there was a substantial increase in the
proportion of basal layer cells staining for RPA (Supplemen-
tary Figure S9a online). Higher magnification of these
revealed the presence of distinct RPA foci (Supplementary
Figure S9b online).
Defective G2-phase checkpoint increases the rate of UVR
signature mutation
If the DDT-G2 response is required to prevent accumulation
of UVR signature mutations, this would predict that
melanoma cells with a defective DDT-G2 response would
have a higher mutation rate following UVR. We therefore
examined UVR signature mutation rates in two G2-phase
checkpoint-competent lines and two checkpoint-defective
lines. Following irradiation, the replating efficiency of
both checkpoint-competent lines was significantly (Po0.01)
decreased, but there was no effect on the checkpoint-
defective lines (Figure 5a). This is possibly due to adaptive
changes in the defective cell lines that sustain viability in
the absence of this checkpoint function. When the mutation
rate was assessed using selection of mutation of the HPRT
locus with 6-thioguanine (Diaz et al., 2003), there was no
significant change in the mutation rate of the checkpoint-
competent A2058 and MM576 lines, although the basal
mutation rate of the A2058 was over 10-fold higher than the
MM576. In contrast, there was a significant (Po0.001) 2- to
10-fold increase in the mutation rate of the checkpoint-
defective MM96L and MM383 cell lines, respectively
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Figure 4. G2-phase checkpoint and repair occur in primary melanocytes and keratinocytes. (a) Cocultures of primary melanocytes and keratinocytes, either
used as controls (Con) or irradiated with 100 Jm–2 UVB and fixed 24 hours after irradiation (UV). Cells were stained for replication protein A (RPA) and vimentin
as a marker of melanocytes. (b) UV-irradiated cocultures were fixed after 24 hours and stained for RPA and ATR (ataxia telangiectasia and Rad3-related), as well
as vimentin as a marker of melanocytes. The top panel shows RPA and ATR colocalized foci in melanocytes (vimentin staining) and in keratinocytes (vimentin
negative, bottom panel). (c) RPA, ATR, and RAD18 foci colocalized in cocultured cells. Bar¼ 10mM.
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(Figure 5b and Table 1). The mutations in the HPRT gene in
the MM383 line, both the control and irradiated cells, were A
to T and A to C transversions and deletions that resulted from
exon skipping. In only the irradiated cultures, UVR signature
C:G to T:A transitions were found, which accounted for half
of the mutations (Supplementary Table S1 online). All of the
C:G to T:A transitions were at dipyrimidine sites diagnostic
for UVB-induced DNA damage (Nataraj et al., 1995). One
of the insertions was a single T insertion in the middle
of a polypyrimidine tract adjacent to a CC doublet, also
suggestive of an unrepaired UVR-induced lesion.
To determine the prevalence of G2-phase checkpoint loss
in melanomas, we functionally characterized a further 17
melanoma cell lines that have been extensively genotyped
(Pavey et al., 2004) for their UVR G2-phase checkpoint status
using FACS and immunoblotting as shown in Figure 1. Only
two melanoma lines, A2058 and MM576, had an intact UVR-
induced G2-phase checkpoint (Supplementary Figure S10
online).
DISCUSSION
We have demonstrated that a DDT mechanism coupled with
a G2-phase checkpoint is triggered in response to G1-phase
UVR exposure. The checkpoint arrest is associated with
postreplicative repair of UVR-induced DNA damage not
repaired by NER during G1 phase. Loss of the checkpoint
arrest results in cells accumulating UVR signature mutations
following irradiation with suberythemal UVR. This G2-phase
response differs from previously reported UVR-induced
cell cycle responses in human cells, which are immediate
cell cycle phase–specific responses to irradiation (Bulavin
et al., 2001; Heffernan et al., 2002; Manke et al., 2005). The
DDT-G2 response described here is similar to the coupled
checkpoint and postreplication repair response reported
in yeast (Callegari and Kelly, 2006; Hishida et al., 2009).
Our work demonstrates UVR-induced G2-phase response
in human cells, which to our knowledge is previously
unreported.
The majority of UVR-induced lesions are rapidly repaired
by NER during G1 phase; the few persisting into S phase are
possibly the result of inefficiencies in NER, such as the less
efficient repair of cyclobutane pyrimidine dimers than 6-4
photoproducts (Mouret et al., 2008). Inhibition of NER by
partial XPA depletion resulted in an S-phase arrest rather than
a G2-phase arrest, indicating that the majority of DNA lesions
are normally repaired before S-phase entry. The relative lack
of S-phase delay after G1-phase UVR was dependent on
WRN-mediated lesion bypass. The resulting accumulation of
ssDNA gaps during S phase suggests that replication forks
encountering unrepaired lesions triggered DDT mechanisms
to bypass the lesion and restart replication further along the
DNA strand, leaving a gap opposite the unrepaired lesion, as
reported in humans and yeast (Lopes et al., 2006; Jansen
et al., 2009b). The subsequent presence of the RPA-coated
ssDNA foci is sufficient to trigger the ATR–Chk1-dependent
checkpoint response that we have observed (Chang and
Cimprich, 2009; Jansen et al., 2009a).
The generation of ssDNA gaps by DDT is a consequence
of repriming 30 of the lesion (Lopes et al., 2006); however, the
mechanism and timing of the repair of these gaps remain
unclear. Several alternative models have been proposed. In
one, gap filling occurs during S phase when the replication
fork encounters the block and bypasses the lesion by
exchange of replicative for TLS polymerases (Jansen et al.,
2009b; Daigaku et al., 2010; Gohler et al., 2011; Lange et al.,
2011). However, this mechanism precludes the existence of
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Figure 5. Checkpoint defect increases UVR mutation rate. (a) Checkpoint-
competent MM576 and A2058 and checkpoint-defective MM383 and
MM96L were irradiated with 100 Jm–2 UVB and allowed to recover for
24 hours. Cells were then replated and their cloning efficiency determined
compared with untreated cells. The data are the mean and SD of triplicate
determinations. (b) In the same experiments as a, cells were replated after
treatments at 3106 cells per plate, and grown in 6-thioguanine for 2 weeks
to select for mutations in the HPRT locus. The data are the mean and SEM of
at least triplicate determinations.
Table 1. Mutation frequency was calculated from the
triplicate determinations and represents HPRT
mutation per 105 cells
Checkpoint competent
MM576 A2058
UVB + UVB UVB + UVB
Exp 1 0 0.02 2.9 1.1
Exp 2 0.08 0.18 0.77 0.39
Checkpoint defective
MM383 MM96L
UVB + UVB UVB + UVB
Exp 1 0.38 9.88 10.5 18.7
Exp 2 0.90 7.15 5.82 14.4
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the ssDNA gaps in G2 phase observed in this study. A second
mechanism that can occur in G2 phase involves post-
replicative repair of the gaps and uses either error-prone
TLS or error-free recombination repair (Jansen et al., 2009b;
Karras and Jentsch, 2010). The mechanism of choice may
depend on whether the initial DNA damage occurred on the
lagging or leading strand (Gangavarapu et al., 2007).
Repriming on the lagging strand is an efficient process and
is likely to produce small ssDNA gaps. Repriming on the
leading strand is an uncommon event and likely to be
inefficient, generating the larger (B3 kb) ssDNA gaps found
(Lopes et al., 2006; Jansen et al., 2009b). TLS mechanisms are
possibly used for the lagging strand, whereas recombination
repair mechanisms repair the leading strand. There is
evidence in yeast that both TLS and recombination repair
mechanisms have roles in postreplicative repair (Daigaku
et al., 2010; Karras and Jentsch, 2010), and we have found
components of both mechanisms associated with G2-phase
RPA foci, suggesting that both mechanisms may contribute to
the postreplication repair observed here.
We have shown that RAD18 is involved in G2-phase
ssDNA gap repair. It may be regulating the TLS polymerase
PolZ (Watanabe et al., 2004; Gohler et al., 2011; Lin et al.,
2011), which has been reported to regulate a UVR-induced
G2-phase checkpoint in yeast and humans (Callegari et al.,
2010; Gohler et al., 2011), possibly as a complex with RAD5/
HLTF (Lin et al., 2011). PolZ is also required for S-phase UVR
damage repair (Auclair et al., 2010; Gohler et al., 2011), but
this may be independent of RAD18 (Schmutz et al., 2010;
Gohler et al., 2011), accounting for the lack of S-phase effect
with RAD18 depletion in our cell models (Callegari et al.,
2010; Gohler et al., 2011).
In summary, we have identified a DDT and repair response
coupled with a G2-phase checkpoint triggered by the few
UVR-induced DNA lesions not repaired by NER in G1 phase.
This mechanism uses the replication fork to identify un-
repaired lesions and marks each with an ssDNA gap, which
attracts RPA and triggers G2-phase checkpoint signaling. The
subsequent G2-phase arrest blocks progression into mitosis
until repair of the ssDNA gaps, and probably the original
lesion, is complete. The fidelity of repair of DNA damage
induced by suberythemal doses of UVR is critical for ensuring
genomic stability of the melanocyte and keratinocyte stem
cell compartments, which are vulnerable to UVR insult from
solar radiation. Loss of the checkpoint response results in
increased UVR signature mutation, and may be a significant
contributor to increased UVR mutation burden in melanoma.
MATERIALS AND METHODS
Cell culture and UV irradiation
Melanoma cell lines were grown in RPMI media with 10% bovine
serum. Cells were synchronized using 48 hours of serum depletion,
growing the cells in 0.5% serum. Cells were replenished with 0.5%
serum containing media after irradiation. In some experiments, cells
were synchronized with 2.5mM thymidine (Gabrielli et al., 1996).
Primary melanocyte and keratinocyte cell strain cultures were
isolated from neonatal foreskin tissue (Roberts et al., 2008) and
whole foreskin sections cultured (Pavey and Gabrielli, 2004) as
described. Cells and skin samples were irradiated with 100 and
250 Jm2 UVB, respectively, in a BioSun Vilber Lourmat (Torcy,
France) UV irradiator (peak emission 312 nm). FACS analysis of
DNA content of cells was performed as described previously
(Gabrielli et al., 1996). All human studies have been approved by
the Princess Alexandra and University of Queensland Ethics Review
committees, and patients’ parents gave their written, informed
consent. These studies were conducted in adherence to the
Declaration of Helsinki Principles.
Antibodies and immunofluorescence
Antibodies to RPA, BRCA1, and RAD51 (Calbiochem, Kilsyth,
Victoria, Australia), XPA and ATR (Santa Cruz Biotechnology, Santa
Cruz, CA), RAD18 and WRN (Abcam, Cambridge, UK), phospho-
Tyr15 CDK1 and poly(ADP-ribose) polymerase (Cell Signaling,
Danvers, MA), phospho-Ser317 Chk1 (Bethyl Laboratories, Mon-
tgomery, TX), and vimentin (LabVision, Thermo Fisher Scientific,
Kalamazoo, MI) were used. Whole-cell lysates were prepared and
analyzed by immunoblotting as described previously (Gabrielli
et al., 1996). Melanoma cell lines and melanocyte/keratinocyte
cocultures were grown on glass coverslips. Foreskin specimens were
embedded in optimal cutting temperature compound (Tissue-Tek,
Sakura, Alphen aan den Rijn, The Netherlands), snap-frozen in liquid
N2, cryosectioned, and air-dried for 1 hour. All samples were fixed
for 15minutes in 3.2% paraformaldehyde, permeablized for 10minutes
in 0.5% Triton X-100, and blocked in 3% BSA/0.1% saponin for
30minutes. DNA was counterstained with 40,6-diamidino-2-pheny-
lindole (Sigma-Aldrich, St Louis, MO) at 1mgml–1. Images were
acquired on a Zeiss LSM 510 Meta confocal or Zeiss Apotome
ImagerZ1 microscope (North Ryde, NSW, Australia).
EdU staining
EdU (10 mM) was added to culture medium 2hours before harvesting
cells. The fluorophore conjugation (Click reaction) was performed
using the protocol adapted from Salic and Mitchison (2008) and
Ranall et al. (2010).
siRNA transfections
Cells were transfected with siRNA using Lipofectamine 2000
(Invitrogen, Mulgrave, Victoria, Australia) according to the manu-
facturer’s protocol, and then UVR irradiated 24hours after transfection.
siRNA sequences were synthesized by Invitrogen and used at 50 nM.
siRNA sequences used are shown in the Supplementary Data online.
CONFLICT OF INTEREST
The authors state no conflict of interest.
ACKNOWLEDGMENTS
This work was supported by project grant 455977 from the National Health
and Medical Research Council (NHMRC) of Australia and a project grant from
the Cancer Council Queensland. RS and BG are NHMRC Senior Research
Fellows. We thank Nick Hayward, Graeme Walker, William Burns, and Fiona
McMillan for critical reading of the manuscript, Max Ranall for technical
assistance with EdU assay, and the Australasian Biospecimen Network
(Oncology) for melanoma cell lines.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/jid
www.jidonline.org 1687
M Wigan et al.
Checkpoint Detecting UV Damage in G2 Phase
REFERENCES
Auclair Y, Rouget R, Belisle JM et al. (2010) Requirement for functional DNA
polymerase eta in genome-wide repair of UV-induced DNA damage
during S phase. DNA Repair (Amst) 9:754–64
Branzei D, Foiani M (2010) Maintaining genome stability at the replication
fork. Nat Rev Mol Cell Biol 11:208–19
Bulavin DV, Higashimoto Y, Popoff IJ et al. (2001) Initiation of a G2/M
checkpoint after ultraviolet radiation requires p38 kinase. Nature
411:102–7
Callegari AJ, Clark E, Pneuman A et al. (2010) Postreplication gaps at UV
lesions are signals for checkpoint activation. Proc Natl Acad Sci USA
107:8219–24
Callegari AJ, Kelly TJ (2006) UV irradiation induces a postreplication DNA
damage checkpoint. Proc Natl Acad Sci USA 103:15877–82
Chang DJ, Cimprich KA (2009) DNA damage tolerance: when it’s OK to make
mistakes. Nat Chem Biol 5:82–90
Daigaku Y, Davies AA, Ulrich HD (2010) Ubiquitin-dependent DNA damage
bypass is separable from genome replication. Nature 465:951–5
de Snoo FA, Hayward NK (2005) Cutaneous melanoma susceptibility and
progression genes. Cancer Lett 230:153–86
Diaz M, Watson NB, Turkington G et al. (2003) Decreased frequency and
highly aberrant spectrum of ultraviolet-induced mutations in the hprt
gene of mouse fibroblasts expressing antisense RNA to DNA polymerase
zeta. Mol Cancer Res 1:836–47
Duval C, Regnier M, Schmidt R (2001) Distinct melanogenic response of
human melanocytes in mono-culture, in co-culture with keratinocytes and
in reconstructed epidermis, to UV exposure. Pigment Cell Res 14:348–55
Friedberg EC (2005) Suffering in silence: the tolerance of DNA damage.
Nat Rev Mol Cell Biol 6:943–53
Gabrielli BG, De Souza CP, Tonks ID et al. (1996) Cytoplasmic accumulation
of cdc25B phosphatase in mitosis triggers centrosomal microtubule
nucleation in HeLa cells. J Cell Sci 109:1081–93
Gaddameedhi S, Kemp MG, Reardon JT et al. (2010) Similar nucleotide
excision repair capacity in melanocytes and melanoma cells. Cancer Res
70:4922–30
Gangavarapu V, Prakash S, Prakash L (2007) Requirement of RAD52 group
genes for postreplication repair of UV-damaged DNA in Saccharomyces
cerevisiae. Mol Cell Biol 27:7758–64
Giles N, Pavey S, Pinder A et al. (2011) Multiple melanoma susceptibility
factors function in a UVR response pathway in skin. Br J Dermatol
166:362–71
Gohler T, Sabbioneda S, Green CM et al. (2011) ATR-mediated phosphory-
lation of DNA polymerase {eta} is needed for efficient recovery from
UV damage. J Cell Biol 192:219–27
Goldstone S, Pavey S, Forrest A et al. (2001) Cdc25-dependent activation of
cyclin A/cdk2 is blocked in G2 phase arrested cells independently of
ATM/ATR. Oncogene 20:921–32
Heffernan TP, Simpson DA, Frank AR et al. (2002) An ATR- and Chk1-
dependent S checkpoint inhibits replicon initiation following UVC-
induced DNA damage. Mol Cell Biol 22:8552–61
Herzinger T, Funk JO, Hillmer K et al. (1995) Ultraviolet B irradiation-induced
G2 cell cycle arrest in human keratinocytes by inhibitory phosphory-
lation of the cdc2 cell cycle kinase. Oncogene 11:2151–6
Hishida T, Kubota Y, Carr AM et al. (2009) RAD6-RAD18-RAD5-pathway-
dependent tolerance to chronic low-dose ultraviolet light. Nature
457:612–5
Jansen JG, Tsaalbi-Shtylik A, de Wind N (2009a) Functional interactions
between DNA damage signaling and mutagenic translesion synthesis at
post-replicative gaps. Cell Cycle 8:2857–8
Jansen JG, Tsaalbi-Shtylik A, Hendriks G et al. (2009b) Separate domains of
Rev1 mediate two modes of DNA damage bypass in mammalian cells.
Mol Cell Biol 29:3113–23
Karras GI, Jentsch S (2010) The RAD6 DNA damage tolerance pathway
operates uncoupled from the replication fork and is functional beyond
S phase. Cell 141:255–67
Lange SS, Takata K, Wood RD (2011) DNA polymerases and cancer. Nat Rev
Cancer 11:96–110
Lin JR, Zeman MK, Chen JY et al. (2011) SHPRH and HLTF act in a damage-
specific manner to coordinate different forms of postreplication repair
and prevent mutagenesis. Mol Cell 42:237–49
Lopes M, Foiani M, Sogo JM (2006) Multiple mechanisms control chromo-
some integrity after replication fork uncoupling and restart at irreparable
UV lesions. Mol Cell 21:15–27
Manke IA, Nguyen A, Lim D et al. (2005) MAPKAP kinase-2 is a cell cycle
checkpoint kinase that regulates the G2/M transition and S phase
progression in response to UV irradiation. Mol Cell 17:37–48
Milligan A, Gabrielli BG, Clark JM et al. (1998) Involvement of p16CDKN2A
in cell cycle delays after low dose UV irradiation. Mutat Res 422:43–53
Mouret S, Charveron M, Favier A et al. (2008) Differential repair of
UVB-induced cyclobutane pyrimidine dimers in cultured human skin
cells and whole human skin. DNA Repair (Amst) 7:704–12
Nataraj AJ, Trent JC 2nd, Ananthaswamy HN (1995) p53 gene mutations and
photocarcinogenesis. Photochem Photobiol 62:218–30
Olive PL, Banath JP (2006) The comet assay: a method to measure DNA
damage in individual cells. Nat Protoc 1:23–9
Pavey S, Gabrielli BG (2004) Analyzing checkpoint controls in human skin.
Methods Mol Biol 280:175–83
Pavey S, Johansson P, Packer L et al. (2004) Microarray expression profiling in
melanoma reveals a BRAF mutation signature. Oncogene 23:4060–7
Pavey S, Russell T, Gabrielli B (2001) G2 phase cell cycle arrest in human skin
following UV irradiation. Oncogene 20:6103–10
Petrocelli T, Poon R, Drucker DJ et al. (1996) UVB radiation induces p21Cip1/
WAF1 and mediates G1 and S phase checkpoints. Oncogene 12:1387–96
Pfeifer GP, You YH, Besaratinia A (2005) Mutations induced by ultraviolet
light. Mutat Res 571:19–31
Phillips LG, Sale JE (2010) The Werner’s syndrome protein collaborates with
REV1 to promote replication fork progression on damaged DNA. DNA
Repair (Amst) 9:1064–72
Pleasance ED, Cheetham RK, Stephens PJ et al. (2010) A comprehensive
catalogue of somatic mutations from a human cancer genome. Nature
463:191–6
Pollock PM, Pearson JV, Hayward NK (1996) Compilation of somatic
mutations of the CDKN2 gene in human cancers: non-random
distribution of base substitutions. Genes Chromosomes Cancer 15:77–88
Prakash S, Johnson RE, Prakash L (2005) Eukaryotic translesion synthesis DNA
polymerases: specificity of structure and function. Annu Rev Biochem
74:317–53
Ranall MV, Gabrielli BG, Gonda TJ (2010) Adaptation and validation of DNA
synthesis detection by fluorescent dye derivatization for high-throughput
screening. Biotechniques 48:379–86
Roberts DW, Newton RA, Leonard JH et al. (2008) Melanocytes expressing
MC1R polymorphisms associated with red hair color have altered MSH-
ligand activated pigmentary responses in coculture with keratinocytes.
J Cell Physiol 215:344–55
Salic A, Mitchison TJ (2008) A chemical method for fast and sensitive detec-
tion of DNA synthesis in vivo. Proc Natl Acad Sci USA 105:2415–20
Schmutz V, Janel-Bintz R, Wagner J et al. (2010) Role of the ubiquitin-binding
domain of PolZ in Rad18-independent translesion DNA synthesis in
human cell extracts. Nucleic Acids Res 38:6456–65
Sidorova JM, Li N, Folch A et al. (2008) The RecQ helicase WRN is required
for normal replication fork progression after DNA damage or replication
fork arrest. Cell Cycle 7:796–807
Ulrich HD (2007) Conservation of DNA damage tolerance pathways from
yeast to humans. Biochem Soc Trans 35:1334–7
van Oosten M, Rebel H, Friedberg EC et al. (2000) Differential role of
transcription-coupled repair in UVB-induced G2 arrest and apoptosis in
mouse epidermis. Proc Natl Acad Sci USA 97:11268–73
Watanabe K, Tateishi S, Kawasuji M et al. (2004) Rad18 guides poleta to
replication stalling sites through physical interaction and PCNA
monoubiquitination. EMBO J 23:3886–96
1688 Journal of Investigative Dermatology (2012), Volume 132
M Wigan et al.
Checkpoint Detecting UV Damage in G2 Phase
